Graphene has been considered as a promising material platform for high-speed electronics and optoelectronics owing to its high carrier mobility, broadband spectral response, and equilibration of photo-generated carriers. 1, 2 In recent years, graphene has been involved in terahertz (THz) technology. [3] [4] [5] [6] [7] [8] THz photons can be used to investigate intraband transitions, 9 which can be controlled by an electrode gate. 10 In addition, the ultrafast THz photoconductivity dynamics of hot carriers in graphene are fundamentally important for the understanding of ultrafast energy relaxation pathways with carrier-carrier interactions and carrier-phonon emission processes. 11 For an ideal intrinsic graphene, the THz photoconductivity is positive, which has been found with simple Drude models. George et al. observed an increase in terahertz pulse absorption for graphene grown epitaxially on a SiC substrate after interband optical excitation. 12 The increase in absorption was attributed to an increase in the density of mobile charge carriers after photoexcitation. However, a comparable study on chemical vapor deposition (CVD)-grown graphene was found to demonstrate the opposite effect-photoinduced negative THz conductivity (photo-induced THz transparency). 13 Indeed, the doping level has a critical impact on the photo-induced THz conductivity (including magnitude and sign) of graphene.
14 For the heavily doped graphene, the negative photoconductivity has been previously attributed variously to stimulated THz emission, 15 enhanced carrier scattering rate (momentum scattering time), 13, 16 and intraband carrier heating 4,17 by several groups. Recently, the microscopic model 11 clearly reveals that the transient carrier temperature, the Fermi level shifts, and the time-and momentum-dependent scattering rates are all essential to capture the dynamic THz response completely. In addition, the energy relaxation of photoexcited carriers in graphene has been investigated extensively by varying the photon energies, the Fermi energy with gate voltages, and the pump fluencies. Previous studies reported that even a single molecule of a foreign substance can physically affect the electrical dc conductivity and optical response of graphene. [18] [19] [20] However, the critical role of molecule-adsorption on the ultrafast energy relaxation pathways of graphene after photoexcitation remains unclear. 21 In this letter, we utilized optical pump-THz probe spectroscopy to reveal the transient THz photoconductivity of CVD-grown graphene in different gaseous environments. Our findings show that upon decreasing the chemical potential, the carrier-carrier scattering efficiency decreases. In addition, the relaxation time of photo-induced THz conductivity increases with increasing pump fluence, which can be attributed to the hot phonon effect. The phenomenological thermodynamic model 4, 16 and the first-principle microscopic theory 11 have been used to interpret all trends observed in our experiments.
The graphene in the present study is synthesized by a chemical vapor deposition (CVD) method under low pressure and high temperature. For an optical study, a poly methylmethacrylate PMMA layer is spin-coated on the as-grown graphene on Cu-foil. Then, the Cu-layer is etched out using a 0.1 M ammonium per sulphate (NH 4 ) 2 S 2 O 8 solution. After rinsing with de-ionized water several times, graphene was transferred onto the fused silica substrate. Finally, the PMMA layer is dissolved in acetone three times. To remove any possible PMMA residual, the graphene sample is annealed in a vacuum at 350 C for 1.5 h. Figure 1(a) shows the Raman spectra of our CVD-grown graphene on the fused silica substrate in air. . The Fermi energy is negative owing to the known p-doping of our CVD graphene monolayer film.
To study the THz response of the CVD-grown graphene samples, we first measure the THz transmission through the substrate without graphene (E sub ) and through the graphene on the substrate (E 0 ) without optical excitation. The attenuation of the terahertz waves comes for the conductivity of the intrinsic free carriers in graphene. By using the thin-film approximation (the Thinkham equation), we can obtain the intrinsic sheet complex conductivity by 23 ,24
where n ¼ 1.95 is the refractive index of the fused silica substrate, and Z 0 ¼ 377 is the free space impedance. To understand the gas dependent transport properties, we fit the experimental conductivity by the standard Drude model, which is often employed for the transport of charge carriers in graphene 13 ,25r
where C is the average scattering rate for momentum changing collisions of charge carriers. We now turn to the main focus of this paper, which is the effect of environmental gas on the carrier dynamics after photoexcitation. Ultrafast optical-pump THz-probe spectroscopy was performed using a 120 fs, 1 kHz Ti:sapphire regenerative amplifier system that excites the graphene samples with a photon energy of 1.55 eV. The THz pulses are generated by optical rectification and detected by electro-optic sampling in a pair of 1 mm thick, (110)-oriented ZnTe crystals. We measure the pump-induced changes of THz peak signals normalized to the THz transmission without photoexcitation (DT/T 0 ) for the same CVD graphene sample as a function of the pump-probe delay Dt under different atmospheric conditions. All measurements were performed at room temperature. As the monolayer graphene is thin, DT/T 0 is related to the photoinduced sheet photoconductivity, i.e., Dr ¼
. 24 Therefore, the observed positive DT/T 0 indicates a suppression of the photoconductivity in the graphene sample. Figure 2 (a) shows the negative photoinduced THz conductivities of our CVD graphene sample as a function of the pump-probe delay time for various gaseous atmospheres, with an optical pump fluence fixed at 50 lJ/cm 2 . We find the dynamical traces that show a subpicosecond rise followed by a several picoseconds mono-exponential decay. The first rise in the THz conductivities has been ascribed to three main processes:
4,16 the creation of initial electron-hole pairs and subsequent ultrafast energy relaxes through two relaxation channels: (1) The carrier-carrier scattering (between the photoexcited carriers and the carriers in the Fermi level) and (2) the optical phonon emission transfers energy from the hot carrier to the lattice. It is important to note that the ultrafast energy relaxation takes place during the first hundreds of femtoseconds after photoexcitation. We observe that the THz conductivity dynamics are dramatically different for the same CVD graphene sample exposed to different gaseous atmospheres. Not only the peak value but also the dynamical response of the THz conductivity is strongly dependent on the gas molecules adsorbed. To quantify these results, we employ a phenomenological model to fit the time-resolved photoconductivity, in which a rise component with an effective time 
where Conv(e Àt=s decay ; s) means the convolution of e Àt=s decay with a Gaussian pulse with the pulse width of s. The effective rise time is the amplitude-weight average of two: the laser pulse duration of s pulse ¼ 120 fs and a variable relative slow rise component (s slow rise ). The effective rise time constant 16 which indicates how fast the initial photoexcited energy relaxation. In our case, as shown in Fig. 2(a) , with the increasing amount of adsorbed oxygen, s rise increases from 0.5 6 0.02 ps (in O 2 ) and 0.42 6 0.02 ps (in air) to 1.0 6 0.04 ps (in N 2 ).
We indeed note that the THz conductivity signals of graphene exposed to gases can be "reset" replacing another dry gas, which indicates that the gas molecules are physisorbed (reversibly dopes graphene) rather than chemisorbed to the graphene surface (irreversibly opens the gap of graphene). 18, 21 The adsorption of molecules can add or reduce the physically adsorbed dopants of graphene locally and then shift its Fermi energy level, hence altering the density of intrinsic carriers. 19 As previously reported by Ryu et al., the upshift of the Raman G band represents positive charge doping. 18 The slowing down of the effective rise time constant in N 2 gas can be explained with the energy relaxation through intraband carrier-carrier scattering. As shown in Fig. 2(b) , in a phenomenological picture, the slowdown of s rise means that larger numbers of carrier scattering events are required for the photoexcited carriers to perform their energy relaxation cascade and therefore for the Fermi level are shifted further close to the Dirac point under environmental N 2 gas, thus increasing the E 0 /E F . 7, 16 Our measurements based on THz data are consistent with the Raman measurement, 18 which reveals that the jE F j of graphene in O 2 is larger than that in N 2 , as shown in Fig. 2(b) . Figure 3(a) shows the THz conductivity dynamics for increased pump fluencies with fixed Fermi levels for the N 2 , O 2 , and air exposed graphene, respectively. Figure 3(b) represents s rise as a function of pump fluence in N 2 , air, and O 2 , respectively. Our results indicate that an increase in the pump fluence leads to a slight further slower rise dynamics of THz conductivity in all cases. Figure 4(a) shows that the peak value -Dr increases with an apparent saturation behavior in the photo-excited conductivity with increasing pump fluence. In addition, we find that -Dr in N 2 is smaller than that in O 2 at each pump fluence, as shown in Figs. 
4(a) and 2(a).
A phenomenological thermodynamics model can be directly used to understand (1) that the negative photoconductivity in O 2 is larger than that in N 2 and air and (2) the dependence of the extracted effective rise times on the Fermi energy and pump fluence. Predicted by the thermodynamic model, 16, 27 ,28 the magnitude of -Dr peak increases as the Fermi level gets further away from the Dirac point (i.e., increasing the density of intrinsic carriers and the heating efficiency). This is in line with our observations that larger negative photoconductivity is observed in O 2 at fixed pump fluence. Upon photoexcitation, to keep the total number of conduction band carriers constant, the photo-induced increase in carrier temperature will lead to a decrease in the chemical potential (jE F j). For the case of lower jE F j, the heating efficiency will decrease owing to the slower intraband carrier-carrier scattering, 16 as shown schematically in Fig.  2(b) . Notably, our experimental results are also in line with the microscopic theory; the reduced efficiency of carriercarrier scattering scales with the decreasing carrier density at the Fermi level.
11 This is the reason for the further slowing of the rise dynamics occurring at the lower jE F j in N 2 than in O 2 with fixed pump fluence and at higher pump fluence in each atmosphere of N 2 , air, and O 2 . Such rise dynamics are consistent with the rise times in Ref. 16 .
As shown in Fig. 4(a) , we observed that the peak value jDr peak j semi-qualitatively scales as pump fluences , and F 0.2460.05 for the graphene sample in air, O 2 , and N 2 , respectively. The sub-linearity is related to the sublinear dependence of the THz photoconductivity on electron temperature and chemical potential and is also connected to the interaction between the efficiency of carrier heating and the energy relaxation by optical-phonon emission. These two relaxation channels are reinforcing one another, as explained in the microscopic model. 11 Finally, let us discuss the relaxation time of the photoexcited conductivity in our CVD-grown graphene with relatively high doping density. The decay of photoconductivity follows closely a mono-exponential relaxation under all experimental conditions. This relaxation time has been previously ascribed to the direct coupling between electrons and acoustic phonons in the presence of lattice defects. 29, 30 More recently, the THz carrier dynamics can be quantitatively explained using a microscopic density-matrix theory.
11
Based on the microscopic model, the carrier-acoustic-phonon scattering has been found not to be important on the picosecond timescales. The mono-exponential relaxation is fully accounted for by the combined effect of carrier-carrier and carrier-optical-phonon scattering in the absence of disorder. Figure 4(b) shows the summary of extracted carrier relaxation times as a function of pump fluence. We note that the relaxation times of the doped graphene samples exposed to any gases slightly increase with increasing pump fluence. The magnitudes of s decay are very similar in the range of $2-3.5 ps for the graphene sample in air and O 2 . The magnitudes of s decay are consistent with the relaxation times in Ref. 11 . The magnitude of s decay for the relative lightly doped graphene sample in N 2 is longer than that for highly doped graphene in air and O 2 . This is due to the lower jE F j for the graphene sample in N 2 , the less efficient optical phonon emission becomes, because fewer carriers can emit an optical phonon due to the reduced phase space close to the Dirac point. It is noted that the slight increase in the relaxation times with increasing pump fluence has also been experimentally observed by Mihnev et al. 11 Within the microscopic theory, the longer relaxation time observed at high pump fluence is due to the hot phonon effects. 11 Certainly, we would emphasis that, from the experimental point of view, a validation of the full relaxation dynamics would require temperature-and photo-energy-dependent measurements. From the theoretical point of view, 31, 32 to exactly capture the THz conductivity dynamics, all the transient carrier temperature and transient Fermi level shifting under photo-excitation and time-and momentum-dependent scattering behaviors are required, 11 which are beyond the scope of this paper. In conclusion, ultrafast time-resolved THz spectroscopy has been utilized to study the photo-induced hot-carrier generation and relaxation dynamics of environmental gas exposed CVD graphene. Our findings show that decreasing oxygen adsorption has an impact on decreasing jE F j and then tune the negative THz conductivity of gas-adsorbed CVD graphene. Both the phenomenological thermodynamics model and the microscopic theory capture all trends observed in our experiments. The results in the end led us to our main finding that the atmospheric gas can be used as a degree of freedom to control the ultrafast energy relaxation pathway. In other words, the gas environmental influence should be taken into consideration for the graphene-based device designs and applications. 
